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Main text 10 Introduced in 2012 1 , molecular networking has become an essential bioinformatics tool to visualize and 11 annotate non-targeted mass spectrometry data 2,3 . The first application of molecular networking was 12 described by Traxler and Kolter 4 as holding "great promise in providing the next quantum leap in 13 understanding the fascinating world of microbial chemical ecology". Molecular networking goes beyond 14 spectral matching against reference spectra, by aligning experimental spectra against one another and 15 connecting related molecules by their spectral similarity 5 . In a molecular network, related molecules are 16 referred to as a "molecular family", differing by simple transformations such as glycosylation, alkylation, 17 and oxidation/reduction. Molecular networking became publicly accessible in 2013 through the initial 18 release of the Global Natural Product Social Molecular Networking (GNPS), a web-enabled mass 19 spectrometry knowledge capture and analysis platform (http://gnps.ucsd.edu) 6 , and has been widely 20 applied in mass spectrometry-based metabolomics to aid in the annotation of molecular families from 21 their fragmentation spectra (MS 2 ).
22
Powered by 3,000+ CPU cores at the Center for Computational Mass Spectrometry at the 23 University of California San Diego and the MassIVE data repository, GNPS has provided researchers 24 from more than 150 countries with the ability to perform molecular networking. To build upon the 25 success of the first molecular networking method (referred to as "classical" molecular networking, 26 classical MN) which is based on the MS-Cluster algorithm 7 , we introduce a complementary tool named 27 Feature-based Molecular Networking (FBMN) . FBMN accepts the outputs of well-established mass 28 spectrometry processing software and improves upon classical MN by incorporating MS 1 information, 29 such as isotope patterns and retention time, but also ion-mobility separation when performed. As a result, 30 molecular networks obtained with FBMN can distinguish isomers that may have remained hidden, 31 facilitates spectral annotation, and incorporates relative quantitative information which enables robust 32 downstream metabolomics statistical analysis. Whereas users of the classical molecular networking would 33 have had to perform molecular networking and MS 1 analysis separately before performing a cumbersome 34 linking of the outputs, a key advantage of FBMN is that the analysis is fully integrated throughout the 35 analysis pipeline.
36
To fully utilize the MS 1 and MS 2 content collected during a non-targeted liquid chromatography 37 coupled to tandem mass spectrometry data (LC-MS 2 ) metabolomics experiment in a streamlined fashion, 38 we have created an online infrastructure to support the outputs of feature detection and alignment tools for 39 FBMN analysis (https://ccms-ucsd.github.io/GNPSDocumentation/featurebasedmolecularnetworking), 40 including the standard output format for small molecules analysis (mzTab-M) 8 (Fig. 1a ). The diversity of 41 supported software, each offering different functionalities/modules, serves experimentalists, 42 bioinformaticians, and software developers. FBMN is already the second most utilized analysis tool 43 within the GNPS environment ( Fig. 1b ) with more than 600 jobs performed in August 2019 and has 44 already been used in more than 80 publications using FBMN during its development since Nov 2017.
45
The molecular networks generated with FBMN enable the efficient visualization and annotation of 46 isomers in LC-MS 2 datasets, as demonstrated below with LC-MS 2 data from a drug discovery project 47 from Euphorbia plant extract 9 ( Fig. 2a-b ), and the detection of human microbiome-derived lipids, 48 belonging to the commendamide family 10 , detected in fecal samples from the American Gut Project 11 (a 49 crowd-sourced citizen science microbiome project) ( Fig. 2c-d 
24
The FBMN method consists of two main steps: 1) LC-MS feature detection and alignment, then 2) a 25 dedicated molecular networking workflow on GNPS. Our first prototype for FBMN was developed with 26 the Optimus workflow 12,18 that uses OpenMS tools 15 and the KNIME Analytics 26 platform. Following step 27 1 (feature detection and alignment), two files are exported: a feature quantification table (.TXT format) 28 7 he n ep and a MS 2 spectral summary (.MGF format). The feature quantification table contains information about 1 LC-MS features across all considered samples including a unique identifier (feature ID) for each feature, 2 m/z value, retention time, and intensity. The MS 2 spectral summary contains a list of MS 2 spectra, with 3 one representative MS 2 spectrum per feature. The mapping information between the feature quantification 4 table and the MS 2 spectral summary is stored in these files using the feature ID and scan number, 5 respectively. This simple mapping enables to relate LC-MS feature information or statistically derived 6 results to the molecular network nodes. This approach was also used for the integration of other tools with 7 FBMN, and does not require third party software like it was proposed in the past 27,28 . Finally, the FBMN 8 workflow also supports the mzTab-M format 8 , a standardized output format designed for the report of 9 metabolomics MS-data processing results. In this case, the mzTab-M file is used instead of feature 10 quantification table and requires the input of the mzML files instead of the MS 2 spectral summary file.
11
Support for the mzTab-M format enables the possibility to perform FBMN with any existing and future 12 processing tools that support this standardized format.
13
The FBMN workflow has been integrated into the GNPS ecosystem and thus benefits from the 14 connection with other GNPS features, e.g. the possibility to perform automatic MS 2 spectral library 15 search, the direct addition and curation of library entries, the search of a spectrum against public datasets 16 with MASST 24 , and the visualization of molecular networks directly in the web browser 29 or with 17 Cytoscape 30 . The FBMN workflow is available on the GNPS platform (https://gnps.ucsd.edu/) via a web 18 interface (See Supplementary Fig. 2 ). Jobs are computed and stored on the computational infrastructure of 19 the Center for Computational Mass Spectrometry at the University of California San Diego. Each finished 20 job is saved in the private user space for future examination and has a permanent static link that enables 21 data sharing and collaborative analyses. We strongly recommend the sharing of this static link along with 22 publications using GNPS workflows to facilitate results accessibility and data analysis reproducibility. containing all the steps and parameters used in the processing, thus enabling its reproducibility. To 32 support FBMN in MZmine, the feature detection step (peak "Deconvolution module") was modified to 33 provide the ability to pair a feature with its MS 2 scans using an m/z and retention time range defined by 34 the user ( Supplementary Fig. 4 ). Due to a new data structure and to support older projects (created with 35 release < 2.38), an additional specific filtering module (Group MS 2 scans with features) was developed to 36 assign all MS 2 scans to the features of existing peak list (see this video for instructions: 37 https://www.youtube.com/watch?v=EL5pmFvpTFE). Moreover, a GNPS export and direct submission 38 module was created ( Supplementary Fig. 5 ) which offers two modes: 1) Export of the feature 39 quantification table and the MS 2 spectral summary file and 2) Direct FBMN analysis on the GNPS web 40 platform (release 2.37+). The direct GNPS job submission generates all the files and uploads them 41 together with an optional metadata table and default parameters ( Supplementary Fig. 6 Euphorbia dendroides extract data ( Supplementary Fig. 7) shows the presence of at least seven distinct 38 LC-MS peaks between 24.5 and 27.3 min, including five peaks with an associated MS 2 spectra. The 39 analysis of the extract and the fractions where these molecules were originally isolated (fractions 13 and 40 14) with classical MN resulted in a molecular network with two nodes for the m/z 589.31 ions ( Fig. 2a   41 and Supplementary Fig. 8 ). These MS 2 spectra (cluster index 5352 and 5354) resulted from merging 96 42 fragmentation spectra spanning from 23.6 to 26.5 min by MS-Cluster ( Fig. 2b and Supplementary Fig. 9 ).
43
Close examination of the clustered spectra revealed that while all MS 2 spectra for the precursor m/z 44 589.31 present fragment ions m/z 501. 26, 423.21, 335.16, and 295.17 , three distinct spectral types could 45 be established based on the ions relative intensities ( Supplementary Fig. 10 ). FBMN of the dataset with 46 MZmine processing (see the GNPS job) enabled the differentiation of the MS 2 spectra of seven isomers 47 (Figure 2b and Supplementary Fig. 11 for the molecular network view). A detailed discussion on the 48 differences observed between the two methods can be found in the Supporting Information 49 (Supplementary Note 2 and Supplementary Table 1 ). Interestingly, in the original study 12 OpenMS was 50 used for FBMN and resulted in the observation of three different positional isomers instead of seven, which shows that different processing methods can lead to different results with FBMN. These three 1 isomers were subsequently isolated and differed by the position of one double bond on the C-12 acyl 2 chain, or from carbon C-4 configuration 12 . Because FBMN connects the accurate relative abundance of 3 the ions across the fractions and the molecular networks, it allowed to create bioactivity-based molecular 4 networks 12 , which were used to predict and target potentially antiviral compounds. For detailed 5 description of the extraction, mass spectrometry analysis, and structural elucidation, see the original The benefit of using FBMN can be illustrated with the metal chelating agent ethylenediaminetetraacetic 35 acid (EDTA), widely used in beauty products, food, and scientific protocols. A search for its occurrences 36 in public spectral datasets with the mass spectrometry search tool (MASST) 24 showed that it is frequently 37 observed in plasma samples where it is used during the sample preparation. We took one of the public 38 human serum sample datasets (MSV00008263) where EDTA was observed. For a detailed description of 39 the protocol and mass spectrometry parameters, see Supplementary Note 3. The analysis of the data with 40 classical MN showed that the EDTA ions are found in two molecular networks. One network consists of
41
[M+H] + spectra and the other of [M+Na] + spectra. Interestingly, each of these networks have one node 42 with a large number of clustered spectra (node 91205 for 4655 spectra, and node 116470 for 571 spectra, 43 respectively), but yet EDTA ions are represented by multiple nodes although these nodes have the same 44 precursor ion mass and retention time. Detailed analysis showed that while the median pairwise cosine 45 values between EDTA spectra are high (median value of 0.93 and 0.94), the spectra are not clustering into 46 a single node. Examination of the multiple fragmentation spectra for EDTA ions showed that some 1) are 47 chimeric spectra "contaminated" by fragment ions produced by co-eluting isobaric ions, and 2) that other 48 spectra were dominated by low intensity fragment ions resulting from MS 2 spectra acquired at low 49 intensity. The method of FBMN was applied on that same dataset using the OpenMS-GNPS workflow 50 (see the job), and the results showed that it efficiently reduces the appearance of these redundant node patterns from the same molecule (see the FBMN job, Figure 2f ), both for the molecular networks 1 containing the [M+H] + and [M+Na] + spectra. FBMN recovers the molecular similarity of in-source 2 fragments observed for EDTA, which were not displayed with classical MN, as they now fall within the 3 top-K rank (typically set to 10) of MS 2 spectral similarity considered in the network topology. The 4 parameters used for OpenMS tools can be accessed in the OpenMS-GNPS job (see the job). OpenMS ver. 
45 46
Integration with other computational mass spectrometry annotation tools
47
The MGF file format is accepted by numerous computational mass spectrometry annotation tools. The 48 use of these tools with the MS 2 spectral summary file enables subsequent direct mapping of these 49 annotations to the molecular networks produced by the feature-based molecular networking method. The processing of large metabolomics datasets (more than a thousand samples) is limited by the 5 scalability of existing LC-MS feature detection tools, especially those based on a GUI (such as MZmine 6 and MS-DIAL). We showed that with specific peak picking parameters the use of XCMS or OpenMS 7 enables using FBMN for large metabolomics study (MSV000080030, approximately 2,000 samples). See 8 the Supplementary Note 6, Supplementary Table 2 , and Supplementary Fig. 13.   9 10
Code availability 11
The FBMN workflow is available as web-interface on the GNPS web platform (https://gnps- 
